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(54) High speed hydrostatic spindle 

(57) An integrated spindle and motor unit includes a 
housing containing both the spindle shaft and motor 
with hydrostatic bearings around the front and rear of 
the spindle shaft. The hydrostatic bearings utilize high 
pressure oil, preferably in the range of 1,200-1,500 psi 
and provide good toad bearing capacity and increased 
stiffness for improved cutting accuracy when cutting 
within the full range of cutting speeds. The present spin- 
dle unit is designed to be run at high speeds. The front 
and rear hydrostatic bearing pads are closely axialiy 
spaced along the spindle shaft so that the dynamic stiff- 
ness of the spindle is increased to avoid resonant vibra- 
tions even at high speed operation thereof. The spindle 
unit incorporates a sealing system utilizing a series of 
non-contacting seals including a labyrinth seal and aer- 
ostatic floating ring seals which keeps bearing oil in the 



spindle. The aerostatic ring seals have air restrictor 
openings therein to create an aerostatic air film that also 
keeps the rings concentric with the spindle shaft even 
though the spindle shaft is tilted in a nutator. A perma- 
nent magnet (PM) motor is integrated with the spindle 
with the rotor of the motor on the spindle shaft carrying 
the permanent magnets rotating within the stator of the 
motor which is attached in the spindle housing. The PM 
motor herein can provide high levels of power, e.g.» at 
least 1 00 hp at the tool head, even in the short span pro- 
vided by the short spindle shaft. At high speeds the 
bearing fluid may be pumped by viscous pumping from 
the radial bearing pockets. To counter such viscous 
pumping, small low pressure pockets are provided with 
low pressure oil to fill the high pressure pockets with oil. 
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Description 

neld of the Invention 

The invention relates to a compact spindle and 
motor unit for a machine tool for cutting of workpieces at 
high rotary speeds In an accurate manner. 

Baclcaround of the invention 

In machine tool cutting it is generally desirat)le that 
the tool have high spindle rotary speed and power capa- 
bilities as in many applications use of the Increased 
available power and higher cutting speeds can provide 
improved cutting results in terms of the finish and accu- 
racy of the cut workpiece surfaces and the rate of stock 
removal and machine cycling times. For example, heavy 
roughing cuts can be performed to maximize the rate of 
metal removal such as in milling or boring operations, 
and the resulting rough finish and dimensional variation 
can be corrected by tight finishing cuts. Each of these 
operations will require that such things as the too! 
speed, feed rates and depth of cut be carefully selected 
for minimizing cycle times to improve productivity keep- 
ing in mind the rigidity or stiffness of the spindle of the 
machine and the spindle power limitations on available 
horsepower. 

Typically, the motors for these spindles are induc- 
tion-type motors which drive a shaft of the spindle carry- 
ing a cutting tool with the shaft being supported for 
rotary motion by bearings. The spindle shaft can be 
driven by the motor drive shaft with power being trans- 
mitted by way of the belts and/or gears of the motor with 
the tool thus being coupled through the spindle shaft 
and the motor power transmission gear train to the drive 
shaft of the motor Power requirements for machining 
are proportional to speed and cutting force, and the 
power lost in bearings and gears of the machine 
increases with speed. Spindle motor horsepower rating 
must be considered when selecting a tool because 
power consumption Is in direct relation to the rate of 
metal removal, which in turn is related to production 
rates. To minimize the number of cuts required, the 
depth of cuts should be as great as is possible within the 
limits of the power of the machine tool and the amount 
of stock to be removed. As depth of cut increases, the 
cutting force at the tool head becomes larger. Thus, 
where relatively deep cuts are desired, a large amount 
of horsepower may be required. In addition, particular 
types of machining operations and workpiece materials 
may dictate certain power requirements such as in tap- 
ping of steel where the spindle has to run fairly slowly 
yet still be capable of providing sufficient torque for cut- 
ting. Spindles in many current machine tools have 
induction motors with limited power capabilities so that 
cutting forces must be limited to a value that will not 
overload the machine. 

Generally in any machining operation, the power 



requirement is directly proportional to the material 
removal rate. The spindle speed is governed by the opti- 
mum cutting velocity for that particular workpiece mate- 
rial and tool material combination. The "chip load" is 
5 another important factor which influences the tool life. It 
is established by the spindle speed (rpm) and the feed 
rate. Hence, in order to maintain an optimum chip load 
and an optimum cutting velocity for a given power avail- 
ability at the toolTthe depth of cut is the only variable 
10 that can be changed. This directly influences the 
machine time. 

For conventional milling operations, depth of cut 
can be, for exanple, on the order of 0.250 inches for 
roughing and 0.025 inches or less for finishing. In milling 
75 of aluminum alloys such as for aircraft components, 
faster and deeper cuts are commonly desired to 
improve productivity. Depth of cuts several times greater 
than normal such as on the order of half an inch or 
greater require greater power capabilities than are pro- 
20 vided in many conventional machine tools. As to cutting 
speeds for aluminum alloys, this is determined by the 
limits of the machine tool and also by the workpiece. 
Generally, aluminum can be readily cut at a wide range 
of speeds. However, as the coeff icient of thermal expan- 
ds sion of aluminum alloys can be higher than that of most 
metals commonly machined, the dimensional accuracy 
of finished parts requires that the part be kept cool dur- 
ing machining. High cutting speed helps keep the part 
cool, because most of the heat introduced into the part 

30 during a given rotation is removed with the chip during 
the next rotation, and the time for diffusion of the heat 
into tiie part is short. In addition, high speeds will gener- 
ally yield a high rate of metal removal and produce the 
best finish. Thus, if the aluminum part to be cut can take 

35 high speed cutting, this is generally desirable. However, 
mainly because of limitations imposed by available spin- 
dle speed and horsepower, very high speed cutting 
operations are not commonly done on aluminum parts. 
Thus, a machine tool having a spindle capable of pro- 

40 ducing deep cuts and fast speeds is desirable, particu- 
larly for minimizing temperature rise in aluminum parts 
during machining thereof. 

Spindle stiffness has a marked effect on the maxi- 
mum speed that will not cause chatter. Chatter is a con- 

45 dition in which the machine tool cutter vibrates in 
resonance at a frequency determined by the natural fre- 
quency of the spindle shaft. In other words, spindles 
have their own characteristic or critical speed at which 
vibrations get very high. Spindles cannot be operated at 

50 their critical speed as otherwise harmonic vibration can 
occur. Chatter as caused by resonant or harmonic 
vibrations adversely affects machining accuracy in 
terms of tolerances and part finish. In addition, the stiff- 
ness of a spindle shaft is a significant factor in the 

55 amount of deflection caused by cutting forces. Tool 
deflection and chatter resulting from lack of spindle 
rigidity can cause excessive tool wear and breakage, 
damage to workpieces, dimensional inaccuracy and 
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unacceptable surface finish. 

Current spindles used for high speed cutting opera- 
tions can be relatively large and have unfavorable length 
to diameter ratios, and the spindle design and the bear- 
ings therefor generally cannot provide for the desired 
stiffness especially as the bearing surfaces start to wear 
or fatigue creating pitting in these surfaces due to the 
high frequency vibrations and extreme load bearing 
conditions which can be generated at high speeds. To 
avoid the onset of resonant vibrations in these spindle 
units, lower spindle speeds are typically employed. 
However, in some instances for example, it may be 
desirable to cut at high speeds with lighter feeds to 
improve the part finish. Stiff spindles are necessary 
when low-micro-inch finishes must be achieved. Thus, it 
is desirable to design machine tools with stiff spindles to 
avoid the onset of resonant vibrations causing chatter to 
-minimize or eliminate the problems resulting from high 
frequency vibrations and chatter thereby increasing pro- 
duction and lowering production costs. The increased 
speed possible with a stiff spindle design can improve 
finishes and increase production rates. 

For machine tools, due to the considerable number 
of parts constituting the bearings, it is extremely difficult 
to provide high speed spindles with rolling-contact bear- 
ings affording a high degree of machining precision and 
yielding very satisfactory surface conditions. The use of 
conventional bearings such as roller or ball bearings for 
supporting the loads taken by the spindle shaft, particu- 
larly in high speed applications, can cause problems 
with accuracy as they fatigue under the high centrifugal 
forces and the extreme friction, heat and load bearing 
conditions which can be generated at high speeds. In 
addition, the life of these contacting bearings under a 
given load is typically a certain number of revolutions so 
that high speeds cause this number of revolutions to be 
used up at a relatively high rate correspondingly short- 
ening the life of rolling element bearings. A combination 
of hydrodynamic and hydrostatic bearings to support a 
high speed spindle is disclosed in United States Patent 
5,462,364, wherein the hydrodynamic bearings are 
effective at high speed rotation, and the hydrostatic 
bearings are effective at low speed rotations of the spin- 
dle. Fluid hydrodynamic and hydrostatic bearings can 
generally deliver substantially greater performance than 
conventional rolling element bearings; specifically, 
these fluid bearings are insensitive to surface imperfec- 
tions in the bearing, they normally will not wear over 
time, they have a large load capacity, and they are sub- 
stantially immune to momentary overloads which could 
cause rolling element bearings to indent and cause pit- 
ting in bearing surfaces. 

In hydrodynamic bearing spindles, the stiffness var- 
ies as the speed varies; while in typical hydrostatic 
bearings, hydraulic oil under pressure provides a more 
uniform stiffness. Thus, the position of the spindle in 
relation to the fixed bearing member is independent of 
the rotary speed of the spindle shaft supported by 



hydrostatic bearings as long as the maximum permissi- 
ble bearing load value as determined by the pumping 
pressure and bearing configuration is not attained so 
that no contact will take place between the spindle shaft 
5 and fixed bearing. Despite these advantages, the use of 
oil under pressure in the bearings presents problems in 
terms of sealing of the bearing fluid in the spindle so 
that it does not mix with cutting fluids, particularly at 
high speeds where use of seals in contact with rapidly 
10 rotating parts can tend to wear thus losing their sealing 
ability Many cutting fluids are water-oil emulsions and 
any contamination of the cutting fluid with IncompatilDle 
fluids such as hydraulic oils for hydrostatic bearings can 
cause problems ranging from creating excessive varia- 
fs tion in workpiece finish or dimensions to shortening of 
tool life. Sealing problems can be exacerbated where 
the spindle is used in a nutator type machine tool with 
the spindle changing attitudes with respect to the hori- 
zontal so as to increase the effects of gravitational 
20 forces on the bearing fluid tending to draw It out from the 
spindle when the spindle tilts. Accordingly, there is a 
need for a cutting spindle and motor apparatus that 
maintains a relatively constant stiffness and load capac- 
ity at low cutting speeds and at high cutting speeds. 
25 e.g., 20,000 rpms or more. For such a spindle and 
motor apparatus, a spindle sealing system is needed 
which prevents significant leakage of oil from fluid bear- 
ings in the spindle to the cutting fluid at the machining 
area at high operating speeds of the machine tool and 
30 when the spindle is stationary. 

Hydrostatic bearings are commonly designed with 
drcumferentially spaced pockets into which fluid under 
pressure is fed. The pockets are surrounded by a land 
or sill area, and typically a drain groove is formed in the 
35 sill area between adjacent pockets. One problem that 
has been found with hydrostatic fluid bearings run at 
high rotary speeds is the lowering of the fluid pressure 
in the pockets reducing the load bearing capacity of the 
hydrostatic bearings. It is believed that this reduction of 
40 the bearings load bearing capacity is due to reduction in 
viscosity of oil because of increased turbulence and 
fluid friction generated In the bearing pockets at high 
rotary speeds causing energy losses and lowering of 
fluid pressure in the pockets. Above certain high rpms of 
45 spindle rotation, the so-called "viscous pumping action*' 
off the bearing fluid becomes predominant, and oil in the 
pocket is pumped out in considerable quantities; and in 
the absence of replenishing oil, the pocket pressure Is 
reduced, thereby drastically affecting the hydrostatic 
50 capacity of the fluid bearings, which is undesirable. 

In this regard, it is important to maintain certain 
minimum clearances in the bearings to keep their load 
bearing capacity sufficient for the increased loads expe- 
rienced at the high rotary speeds at which the present 
55 spindle can be run. In addition to viscous pumping of 
bearing fluid, where high temperatures cause thermal 
expansion of the spindle, the clearances preset into 
fixed bearings may be decreased past their minimum 
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tolerances necessary for proper load bearing capacity, 
and machining errors due to the thermal deformation of 
the spindle components can occur. 

Summary of the Invention 

In accordance with the present invention, an inte- 
grated spindle and motor unit of a machine tool is pro- 
vided to have a large cutting speed range with the 
stiffness and load capacity remaining satisfactory. The 
integrated spindle and motor unit includes hydrostatic 
fluid bearings to provide the unit with increased stiffness 
for improved cutting accuracy when cutting within the 
full range of speeds at which the present ^indle unit is 
designed to be run. In the preferred form of the inven- 
tion, a spirKlle shaft is mounted in a housing frame for 
rotation at speeds of up to 20,000 revolutions per 
minute ("rpms") or greater with a first motor portion pro- 
vided on the spindle shaft between the ends thereof and 
a second motor portion on the frame which cooperates 
with the first motor portion for rotary driving of the spin- 
dle shaft. The preferred embodiment will operate at 
speeds to 20,000 rpms, while other smaller designs 
could operate at speeds up to 40,000 rpms. Hydrostatic 
bearings are formed adjacent the ends of the shaft and 
have high pressure fluid supplied thereto to support the 
shaft in the frame for rotary driving thereof. By utilizing 
hydrostatic bearings, the present spindle provides a 
substantially uniform rigidity or stiffness and load bear- 
ing capacity over its entire operating range. In addition, 
because the motor is integrated with the spindle with a 
portion thereof on the spindle shaft, there are no power 
losses attributable to power transmission gears or belts 
as with conventional spindle motors. 

In order to maintain the stiffness at speeds of about 
20,000 rpms without resonant vibrations, the span 
between the hydrostatic bearings has to be short. In 
order to achieve high power, e.g., 1 00 hp in such a short 
span, the motor for the integrated spindle and motor unit 
is a permanent magnet motor with the second motor 
portion being a stator secured in the frame, and the first 
motor portion being a rotor including permanent mag- 
nets mounted on the spindle shaft rotatable in the 
frame. The permanent magnet motor herein provides 
increased power over conventional induction motors 
which utilize transmission gears and/or belts in which 
power can be lost. Thus, the present integrated spindle 
and motor unit is capable of both high speed operation, 
/,e., up to 20.000 rpms. while providing increased power 
at the tool head. Thus, not only can the present spindle 
be run at high speeds, heavy and deep cuts for remov- 
ing large amounts of metal with each cut can also be 
performed with the increased power capabilities. 

Another advantageous feature, particularly in 
assembly of the permanent magnet motor in the spindle 
and motor unit herein, is that the rotor including the per- 
manent magnets is mounted on the spindle shaft with a 
shrink fit connection to provide a tight, secure attach- 



BNSEXX;iD- <EP ^D860232A2J_> 



ment between the shaft and rotor during high speed 
rotation of the shaft. High pressure hydraulic fluid is fed 
into fluid passageways or conduits formed in the rotor 
body to expand the bore so that the rotor can be prop- 
j eriy positioned on the shaft relative to the stator 
mounted to the spindle frame. When the rotor is in posi- 
tion on the shaft, the fluid pressure can be removed to 
allow the expanded rotor bore to shrink and grip tightly 
onto the spindle shaft for high speed rotation therewith. 
10 In addition, designing the rotor for expansion advanta- 
geously allows it to more readily accommodate for ther- 
mal expansion of the spindle shaft during high speed 
cutting operations. 

The integrated spindle and motor unit preferably uti- 
15 lizes seals that are in non-contacting spaced relation 
with the spindle shaft for keeping the bearing fluid within . 
the spindle and away from the cutting tool during cutting 
operations. As previously mentioned, the use of hydrau- 
lic oil in the fluid bearings can present problems if such 
20 fluid leaks from the spindle to the tool/workpiece inter- 
face and contaminates the cutting fluid, which is typi- 
cally a water-based solution. Moreover, at high cutting 
speeds, conventional contacting-type seals will tend to 
wear, allowing leakage therethrough. In the present 
25 integrated spindle and motor unit, the seals are non- 
contacting type seals, thus obviating the wearing prob- 
lem experienced by conventional contacting seals at 
high speeds. 

Preferably, the seals include labyrinth seals at the 
30 fonward and reanward ends of the shaft adjacent the 
bearings. The labyrinth seals define a tortuous path 
through which the bearing fluid must travel to leak there- 
through. Aerostatic floating ring seals can be provided 
adjacent to and outwardly from the labyrinth seals on 
35 the spindle shaft with the labyrinth seals being between 
the floating ring seals and the bearings along the spin- 
dle shaft. The floating ring seals are provided with high 
pressure air for forming an air barrier between the shaft 
and the ring seals to keep bearing fluid that may leak 
40 through the labyrinth seals in the spindle. In this man- 
ner, the seals herein are effective to keep bearing fluid 
from leaking out of the spindle without requiring contact 
with the spindle shaft which otherwise could be damag- 
ing to the seals, particularly at high speed rotation of the 
45 spindle. Thus, the present integrated spindle and motor 
unit has a sealing system which prevents the bearing 
fluid from leaking out of the spindle and gaining access 
to the cutting fluid even during high speed cutting oper- 
ations, and when the spindle is tilted at various attitudes 
so to the horizontal. 

The floating ring seals can include porous ring bod- 
ies which are mounted at the fonward and reanward 
ends of the spindle shaft in spaced relation thereto and 
which are provided with high pressure air which forms 
55 an air barrier between the shaft and ring seal bodies 
and for percolating air through the pores of the ring bod- 
ies to limit bearing fluid leakage therethrough. 

In a prefen-ed form, the spindle shaft includes 
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inclined surfaces at its forward and rearward ends and 
the hydrostatic bearings are on the spindle shaft 
inclined surfaces to take both axial and radial loads. 

At least one of the bearing members, preferably the 
rear conical bearing member, is mounted on the spindle 
housing by a shiftable bearing mount so that when the 
spindle is running, the effects of thermal expansion on 
the spindle are minimized by allowing the bearing mem- 
ber to shift to keep clearances between the confronting 
bearing and shaft surfaces at a distance which Is suffi- 
cient to provide proper load bearing capacity in the 
hydrostatic bearings. In this manner, there are no 
excessive loads placed on the shaft which could dam- 
age the spindle due to surface clearances falling below 
acceptable tolerances when the metal of the spindle 
components undergoes expansion due to high temper- 
atures generated during cutting operations, and the 
accuracy of the" machining is maintained despite the 
expansion of the shaft at high temperatures. Preferably, 
the rear bearing member Is spring-loaded with a spring 
force of approximately 3.000 lbs which is overcome by 
expansion of the spindle shaft with the bearing member 
sliding on roller elements to keep clearances above a 
certain minimum tolerance level to maintain proper load 
bearing capacity in the bearings. 

The spindle shaft can include an axial bore extend- 
ing therethrough with an enlarged tool holder receiving 
socket portion of the bore at the shaft forward end. A 
tool holder can be mounted in the enlarged socket por- 
tion and a tool changer is provided in the shaft bore for 
mounting the tool holder In the socket and to release the 
holder therefrom for changing tools on the spindle. 

Preferably, a pressure fluid source provides fluid at 
pressures of at least 1200 psi to the hydrostatic bear- 
ings for providing the bearings with a high load bearing 
capacity. The motor can have a cavity that is supplied 
with slightly pressurized air to help keep bearing fluid 
from leaking into the motor cavity. 

In accordance with a preferred embodiment of the 
invention, an integrated motorized spindle unit is pro- 
vided in a machine tool for high speed cutting opera- 
tions. The spindle unit includes a spindle shaft rotatable 
about a central axis extending through the shaft for 
rotating the cutting tool mounted thereto for high speed 
cutting of workpleces. A motor drives the spindle shaft 
at speeds of to 20.000 rpms. A housing for the spindle 
unit has the spindle shaft and motor mounted therein. 
Inclined bearing surfaces are formed on the shaft at an 
Incline to the shaft rotational axis. Inclined surfaces are 
provided in the housing which face and cooperate with 
the shaft inclined surfaces to form hydrostatic bearings 
to take axial and radial loads. Oil is supplied at pres- 
sures of at least 1000 psi to the bearings to support the 
loads generated during rotary driving of the spindle 
shaft. A labyrinth seal is provided adjacent the bearing 
pocket and defines a tortuous path of travel there- 
through to limit bearing fluid leakage through the laby- 
rinth seal path. Floating ring seals are provided 



adjacent the labyrinth seals for preventing bearing fluid 
which may leak through the labyrinth seal from leaking 
out of the spindle unit, and specifically from the front of 
the spindle to the tool/workpiece interface. 
5 Preferably, the motor has a power output capacity 
rated at about 135 horsepower with about at least 100 
horsepower at the cutting tool for cutting due to fluid fric- 
tional losses In the bearings. In this manner, the inte- 
grated motorized spindle unit allows for both extremely 
10 fast and heavy cutting operations to be performed on a 
workpiece without fear of overloading the spindle 
because of a lack of sufficient power at the tool head. 

TTie spindle shaft can have a proximate portion 
adjacent the fonward end of the spindle shaft where the 
15 cutting tod is carried and a distal portion axially spaced 
a predetermined distance rearward from the forward 
proximate portion. The hydrostatic bearings are formed 
around the shaft proximate portion and the shaft distal 
portion. Preferably, the motor includes a first motor part 
20 on the spindle shaft between the proximate and distal 
portions and a second motor part on the housing coop- 
erating with the first motor part to rotate the spindle 
shaft at speeds of up to 20,000 revolutions. The prede- 
termined distance between the spindle shaft portions is 
25 sufficiently short so that the spindle shaft has a dynamic 
Stiffness that is sufficient to avoid the onset of high 
speed resonant shaft vibrations during shaft driving 
between start-up and up to 20.000 rpms. The motor can 
be a permanent magnet motor with the second motor 
30 part being a stator and the first motor part being a rotor 
including permanent magnets secured to the rotor. The 
motor can have a power output capacity rated at least 
135 horsepower with the bearings on the shaft proxi- 
mate portion and the shaft distal portion being spaced 
35 apart at a distance less than 1 6 Inches. The spindle unit 
herein is relatively small and compact with the hydro- 
static bearings closely, axially spaced along the spindle 
shaft so as to provide a very rigid and stiff spindle for 
accurate cutting operations at high rotary speeds. 
40 In another form of the invention, a spindle unit 
including hydrostatic bearing members Is provided with 
the bearing members Including high pressure bearing 
pockets around the spindle shaft to receive high pres- 
sure oil for supporting the shaft for rotation, and low 
45 pressure pockets between the high pressure bearing 
pockets to receive low pressure oil therein. The low 
pressure pockets are kept full with low pressure oil dur- 
ing spindle operation so that the viscous pumping action 
of fluid in the bearing pockets back against the rotary 
50 direction of the spindle will not adversely affect the fluid 
pressure in the bearing pockets. Thus, the present spin- 
dle unit including the low pressure pockets operates reli- 
ably with proper bearing pressure even at high rotary 
speeds which would othenwise tend to adversely affect 
55 the load bearing capacity of the hydrostatic bearings 
due to viscous pumping of the bearing fluid In the bear- 
ing pockets. 
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Brief Description of the Drawings 

FIG. 1 is a schematic view o1 an integrated spindie 
and motor unit for a machine tool in accordance 
with present invention showing a spindle shaft and 5 
motor in a housing frame; 

FIG. 2 is an enlarged sectional view of the fonward 
end of the spindle shaft showing front hydrostatic 
bearings for the shaft and a sealing system for 
keeping bearing fluid from leaking out from the io 
spindle unit; 

FIG. 3 is an enlarged view of the rear portion of the 
integrated spindle and motor unit showing a shifta- 
ble bearing mount between a rear flange portion of 
the spindle housing and a rear bearing member; is 
FIG. 4 is a front elevational view of an alternative 
spindle and motor unit in accordance with the 
present invention showing bearing fluid conduits in 
ghost for the radial bearing pockets; 
FIG. 5 is a sectional view taken along line 5-5 of so 
FIG. 4 of the alternative spindle and motor unit 
showing a rotor of the motor including hydraulic 
fluid passageways for shrink fitting the rotor on the 
spindle shaft; 

FIG. 6 is a front elevational view of the alternative 25 
spindle and motor unit similar to FIG. 4 including 
bearing fluid conduits in ghost for low pressure 
pockets between the radial bearing pockets; 
FIG. 7 is an enlarged sectional view taken along 
line 6-6 of FIG. 6 of the front portion of the alterna- 30 
tive spindle and motor unit showing a sealing sys- 
tem for the rotary and thrust bearings substantially 
similar to the sealing system of FIG. 2; 
FIG. 8 is a perspective view of one of the bearing 
members showing radial bearing pockets and low 35 
pressure pockets between the radial bearing pock- 
ets; 

FIG. 9 is an elevational view of the bearing member 
of FIG. 8 showing the bearing fluid conduits in the 
bearing member in ghost; and 
FIG. 10 is a sectional view of the bearing member 
of FIGS. 8 and 9 taken along line 10-10 of FIG. 9 

Detailed Description of the Preferred E mbodiment 

45 

In FIG. 1. an integrated spindle and motor unit 
according to the present invention is schematically 
shown and generally designated with the reference 
numeral 10. The integrated spindle and motor unit 10 
includes a stationary housing 12 in which a spindle sc 
shaft 14 is driven for rotary niotion by a motor 16 which 
Is also mounted in the housing 12 about the spindle 
shaft. The spindle shaft 14 can be driven at speeds of 
up to 20,000 revolutions per minute and is supported in 
a stiff manner by hydrostatic bearings, generally desig- si 
nated 18, formed around the spindle shaft 14 In the 
housing 12. 

More specifically, the spindle shaft 14 has hydro- 



static bearing pads 20 around both its fonward end 14a 
and its reanward end 14b. Preferably four equally 
spaced pads 20 are formed around both the fonward 
end 14a and reanward end 14b of the shaft 14. The axial 
distance between the front and rear bearing pads 20 is 
relatively short so that the spindle shaft 14 is mounted in 
a rigid manner In the housing 12 with high levels of 
dynamic stiffness even when driven by motor 16 for high 
speed rotation thereof. In addition, the total length of the 
spindle shaft 14, including the portions thereof project- 
ing beyond the bearings 1 8, is relatively short. Thus, the 
short spindle 14 having a short axial distance between 
front and rear bearing pads 20 increases the critical 
speed threshold at which the spindle must be driven 
before resonant vibrations will occur which, in this 
instance, will be at some speed over 20,000 rpms. In 
this illustrated embodiment of the invention, the span 
between the center of the respective bearings 18 is 
about 1 6 inches for a 1 00 horsepower motor. Manifestly, 
this distance and power are by way of illustration and 
not limitation. That is, the bearing pads 20 at the shaft 
fonward end 14a proximate the mounting of the cutting 
tool 22 thereat, as will be more fully discussed hereinaf- 
ter, are 16 inches axially spaced from the bearing pads 
20 at the shaft reanward end 14b distal from the cutting 
tool 22. Thus, by the provision of close axial spacing 
between hydrostatic bearing pads 20 at the front and 
rear of the relatively compact Integrated spindle and 
motor unit 10 herein, high cutting speeds and loads can 
be handled while still providing for accurate cuts on 
workplaces as resonant vibrations of the spindle shaft 
14 are avoided. 

The motor 16 is preferably a permanent magnet 
motor wherein the motor 16 includes a stator portion 26 
mounted on the stationary housing 12 and a rotor por- 
tion 24 mounted on the spindle shaft 14 which also 
includes the permanent magnets. As previously men- 
tioned, to increase the critical speed of the spindle shaft 
14, the shaft is designed to be relatively short which 
also determines the length of the rotor 24 which can be 
provided on the shaft 1 4 In the integrated design herein. 
Accordingly the motor 16 must be capable of providing 
a lot of power in a short span which gives the present 
spindle unit 10 increased power capabilities over cur- 
rent spindles which utilize induction motors. Herein, the 
100 horsepower motor has an axial length of 9 inches, 
and the stator is about 9 inches in diameter. The actual 
motor appears to be more square in cross-section than 
that depicted in the drawings of this application. The 
► permanent magnet motor 16 herein avoids the use of 
the transmission belts and gears of prior induction 
motors and the attendant power losses therein. In addi- 
tion, the permanent magnet motor 16 is able to deliver 
higher levels of horsepower at the tool head in a shorter 
? span than conventional Induction motors. The perma- 
nent magnet motor is preferred even though it is more 
costly than a comparable induction motor. Thus, the 
present compact high speed spindle unit 10, in addition 
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to having higher speed capabilities and improved stiff- 
ness, also has increased horsepower capacity so as to 
provide greater flexibility in the various types of cutting 
operations that can be performed e,g,, roughing and fin- 
ishing cuts such as in drilling and boring operations, and 
the efficiency in performing these different types of 
machining operations. 

It is preferred that the rotor 24 has an elongate 
annular body 24a which is provided with a shrinkf it con- 
nection on the spindle shaft as shown with respect to 
alternative spindle and motor unit 200 in FIG. 5. The 
rotor body portion 24a as used In the spindle and motor 
unit 200 includes annular recesses 27 formed in the 
front and rear faces thereof with the bottom recessed 
surface 27a of the front annular recess being abutted 
against a shoulder formed on the spindle shaft to locate 
the rotor portion 24 in proper axial position thereon. 
Axial passageways 29 are formed in the rotor body 24a 
and extend tongrtudinally along the length of the body 
24a opening at the bottom recessed surface 27b of the 
rear annular recess 27. Several longitudinal passage- 
ways 29 are circumferentially spaced around the rotor 
body 24a lor feeding high pressure hydraulic fluid to 
short radial passageways 31 extending radially from the 
longitudinal passageways 29. Preferably two axially 
spaced radial passageways 31 are provided for each 
longitudinal passageway 29. The passageways 31 
extend radially to an opening at circular grooves 31a 
formed in the rotor body throughbore surface 33 which 
extend around the shaft and receive high pressure fluid 
from axially aligned radial passageways 31 to feed high 
pressure oil between the surfaces of the shaft and the 
rotor bore 33. In this manner, the body 24a of the rotor 
portion 24 can be expanded to allow it to be properly ori- 
ented on the spindle shaft relative to the stator portion 
26 affixed to the housing frame 12. With the rotor body 
24a properly oriented, the high pressure hydraulics are 
removed from the longitudinal passageways 29 allowing 
the rotor body 24a, and particularly the throughbore 33 
thereof, to shrink onto the shaft surfaces for tightly and 
securely gripping the rotor portion 24 onto the shaft for 
rotation therewith. The expandable rotor body 24a also 
is advantageous in that when the spindle shaft under- 
goes thermal expansion, as during high speed opera- 
tion thereof, the expandable rotor 24a can more readily 
accommodate the expansion of the spindle shaft with- 
out causing problems for the motor 16. 

The bearings 18 for the spindle unit 10 will next be 
more specifically described. The spindle shaft 14 
includes a main larger diameter central section 1 5 on 
which the motor rotor portion 24 is mounted with the 
shaft ends 14a and 14b being on either side thereof. 
The ends 14a and 14b of the spindle shaft include con- 
ical sections 17 and 19 which taper down to respective 
front and rear smaller diameter annular portions 30 and 
32. The fonward and rearward conical sections 17 and 
19 include respective outer surfaces 34 and 36 which 
are Inclined relative to the longitudinal axis 37 of the 



spindle shaft 14 about which the shaft rotates. Front 
housing portion 12a and rear housing portion 12b each 
include a radially Inwardly projecting bearing portion 38 
and 40 on which inclined surfaces 38a and 40a are pro- 
5 vided adjacent to and facing respective inclined sur- 
faces 34 and 36 on the spindle shaft 14. The inclined 
surfaces 34 and 36 of the spindle shaft 1 4 and the cor- 
responding inclined surfaces 38a and 40a on the bear- 
ing portions 38 and 40 cooperate to form the hydrostatic 
10 bearing pads 20 for taking txjth radial and axial loads 
generated during rotary driving of the shaft 14 and 
machining operations with the spindle unit 10. The bear- 
ing pads 20 provide improved stiffness and a reduction 
in the number of moving parts over conventional con- 
75 tacting rolling element bearings which makes the 
present spindle unit 10 less prone to vibration, a serious 
limitation of spindles using just conventional bearings. 
Moreover, the hydrostatic bearing pads 20 provide a 
damping function unlike conventional bearings so that if 
20 the shaft 14 starts to vibrate, the fluid in the pads 20 will 
act to dissipate and damp vibration before it can build up 
to resonate. It has been found that with he hydrostatic 
bearings, the stiffness of the spindle unit 10 herein can 
range from approximately 750,000 lb/in. for short tool 
25 lengths, to approximately 350,000 lb/in. for larger tools. 
As shown schematically in FIG. 1 . the bearing pads 
20 are fed pressurized oil by way of oil recirculation sys- 
tem, Including bearing oil supply means, generally des- 
ignated 42. The oil supply means 42 includes respective 
30 oil feed passageways 42a and 42b formed in the for- 
ward and reanward housing sections 12a and 12b for 
feeding oil from the supply means into the interior of the 
housing 12 to the bearing pads 20. Preferably, the oil 
supply means is capable of feeding oil pressurized to at 
35 least 1 000 psi to the bearing pads 20 for supporting the 
increased loads which can be generated during high 
speed rotary driving of the spindle shaft 14. Even more 
preferably, the pressure range for the oil supplied to the 
bearing pads 20 is between 1200 to 1500 psi. As prevl- 
40 ously discussed, with hydrostatic bearings, the oil under 
pressure gives the bearings their load can-ying capacity. 
Thus, with high pressure oil. the spindle shaft 14 herein 
is provided with increased load carrying capacity which 
is substantially constant throughout the range of rotary 
45 driving speeds from start-up up to 20,000 rpms as the 
load carrying capacity in hydrostatic bearings is inde- 
pendent of the rotary speed of the shaft 14. As long as 
the maximum permissible bearing load value is not 
attained, no contact will take place between the shaft 14 
so and housing bearing portions 38 and 40. In this manner, 
the load carrying capacity and stiffness of the spindle 
unit 10 remain high up to 20,000 rpms. 

Reference will next be made to FIG. 2 to describe 
the sealing system, generally designated 28, for the 
55 motorized spindle unit 1 0. FIG. 2 only shows the sealing 
system 28 that is provided at the front of the spindle 
shaft 1 4, whereas by reference to FIG. 1 , it can be seen 
that the rear of the spindle shaft 14 is similarly sealed so 
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that the description of the front sealing system 28 will 
apply equally to the rear sealing system with only minor 
differences ther^etween. As a consequence of provid- 
ing the hydrostatic bearings with hydraulic oil, it is 
important that there not be any leakage from the spindle 
unit 10 to the cutting fluid supplied to the tool/workpiece 
interface as the cutting fluid or coolant utilized in 
machining operations is typically a water-based 
water/oil emulsion which can be incompatible with the 
hydraulic oil used in the bearings. Thus, any leakage 
from the spindle unit 10 is to be avoided as contamina- 
tion of the coolant with the oil bearing fluid can create 
problems in terms of the cooianfs cooling and chip 
removal functions. The problem of bearing fluid leakage 
is exacerbated with the spindle unit 10 herein as con- 
ventional seals which contact the spindle shaft 1 4 would 
tend to wear at the high speeds at which the present 
spindle shaft 1 4 can be driven. Thus, the sealing system 
28 herein utilizes non-contacting seals which are pro- 
vided in spaced relation to the spindle shaft 1 4 and par- 
ticularly the annular portions 30 and 32 thereof. 

More particularly, the forward and rearward housing 
portions 12a and 12b each include axially extending 
ring sections 44 and 46, respectively. At the axially outer 
ends of the front and rear ring sections 44 and 46, 
respective front and rear cap members 48 and 50 are 
attached and to which the front and rear sealing sys- 
tems 28 are mounted. For sealing the bearing oil in the 
spindle unit 10, three seals are provided at each end of 
the spindle with the first being a labyrinth seal 52 with 
very tight clearances between facing surfaces thereof. 
The labyrinth seals 52 are provided adjacent the bear- 
ing pads 20 in front and rear chambers 54 and 56 
formed between the front and rear cap members 48 and 
50 and the housing portions 12a and 12b, respectively 
and specifically the respective ring sections 44 and 46 
and bearing portions 38 and 40 thereof. The labyrinth 
seals 52 are very effective seals when the spindle shaft 
14 is being rotated; but when rotation ceases, small 
amounts of bearing oil may leak through the labyrinth 
seals 52, and the remaining seals are effective to pre- 
vent leakage when the shaft 14 Is not rotating. 

The labyrinth seal 52 includes a conical portion 58 
on the shaft annular portions 30 and 32 adjacent and 
immediately axially outward from the juncture of the 
annular portions 30 and 32 with the corresponding shaft 
conical sections 17 and 19. Thus, the labyrinth seals 52 
are directly adjacent the bearing pads 20. The labyrinth 
seal conical portion 58 includes a pair of concentric 
annular rings 60 and 62 which cooperate to form an 
outer annular recess 64 therebetween. The inner annu- 
lar ring 62 and the shaft nose portion 30 cooperate to 
form an inner annular recess 66 therebetween. A fixed 
labyrinth seal member 68 is attached in a reanwardly 
opening recess portion 70 of the cap member 48 and 
includes outer and inner concentric annular rings 72 
and 74 which fit in corresponding outer and inner annu- 
lar recesses 64 and 66 of the conical portion 58 with 



only slight clearances between the surfaces thereof. 
These clearance surfaces are preferably in the range of 
0.005 to 0.010 inch with 0.005 being used in the embod- 
iment described herein. The Inner ring 74 is closely 
5 spaced from the shaft nose portion 30 and cooperates 
with the outer ring 72 to form an annular recess 76 in 
which the ring 62 projects. The conical portion outer 
annular ring 60 is closely spaced radially outward from 
the fixed seal member outer ring 72. As is apparent, by 
to the closely interfitting arrangement between the annular 
rings 60 and 62 of the conical portion 58 and the annu- 
lar rings 72 and 74 of the fixed seal member 68. a tortu- 
ous pathway is provided which limits any oil passage 
therethrough during rotary motion of the spindle shaft 
75 14. Thus, for oil to leak from the bearing pads 20 out of 
the spindle 10, the oil must first traverse the tortuous 
path formed by the labyrinth seals 52. 

To ensure that any small amounts of oil that leaks 
through the labyrinth seals 52 does not leak out of the 
20 spindle 10 particularly when the shaft 14 is not rotating, 
a pair of annular floating ring seals 78 and 80 are pro- 
vided axially outwardly from the labyrinth seals 54 on 
each the shaft portions 30 and 32. The ring seals 78 
and 80 are termed floating ring seals because they do 
25 not contact the spindle shaft 14 and float on a layer of air 
pressure, as more fully described herein. A drain groove 
82 is formed in the cap member 48 adjacent the shaft 
nose portion 30 between the ring seals 78 and 80. Any 
small amounts of oil that may leak through the inner ring 
30 seal 78 will be sucked out and drained from the spindle 
10 by way of drain groove 82 as by a vacuum applied 
thereto. Any remaining oil will be blocked from leaking 
from the spindle 1 0 by outer ring seal 80. In this manner, 
the sealing system 28 herein prevents fluid leakage 
35 from the bearing pads 20 to the exterior of the spindle 
unit 10, particularly to the cutting fluid at the tool/work- 
piece interface. 

The ring seals 78 and 80 are provided with high 
pressure air from air supply means in the form of air 
40 compressor 84, shown schematically in FIG. 2. The air 
from compressor 84 will form a high pressure layer of 
air, preferably between 40 to 80 psi, at the interface 
between the seals 78 and 80 and the spindle nose por- 
tion 30. The floating ring seals 78 and 80 have an 
45 extremely close fit between the floating ring seals 78 
and 80 and the adjacent surfaces of the cap member 48 
in a range of about 0.0005 to 0.001 inch. The high pres- 
sure air is admitted into the chamber surrounding the 
outer circumferential surface of bodies 78a and 80a of 
50 respective floating rings 78 and 80. They can be porous 
members or several holes 81 can be drilled radially 
therearound to form an aerostatic film between the spin- 
dle and the floating rings, as shown in FIG. 7 in the alter- 
native spindle and motor unit 200 which will be more 
55 fully described hereinafter. 0-rings 83 can be added to 
both the sides of the floating rings to Improve the effec- 
tiveness of the aerostatic seal. The pores or alterna- 
tively the holes 81 act as restrictors to form an 
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aerostatic film between the inner circumferential surface 
of the floating ring and the outer circumferential surface 
of the spindle to prevent the oil leakage. 

As mentioned previously, the labyrinth seal 52 and 
aerostatic floating ring seals 78 and 80 are also pro- 
vided in similar relative orientation to each other on the 
rear shaft portion 32. However, the front nose portion 30 
of the spindle shaft 14 also Includes a front labyrinth 
seat 86 which keeps the cutting fluid at the tool/work- 
piece interface from accessing the interior of the spindle 
unit 10. More specifically, the cap member 48 can 
include a fonward opening recess 88 in which an annular 
seal mounting member 90 Is attached. Secured to the 
seal mounting member 90 is an outer annular fixed por- 
tion 92 of the labyrinth seal 86. including radially project- 
ing teeth 92a. Rotating seal portion 94 of the labyrinth 
seal 86 is provided on the shaft nose portion 30 and 
includes radially outward projecting teeth 94a which 
Intermesh with the teeth 92a so as to create a tortuous 
path for sealing off cutting fluid from entering the spindle 
unit 10. A seal cover 96 is attached to the front face of 
the cap member 48 and protects the labyrinth seal 86 
from work chips which are generated during machining 
operations. 

On the other side oi the bearing pads 20. front inner 
cavity 98 and rear inner cavity 1 00 are formed in respec- 
tive housing portions 12a and 12b. Hydraulic bearing oil 
from the pads 20 which leaks axially inward into the cav- 
ities 98 and 100 is drained from these cavities and 
returned to the oil sump of the oil supply means 42 
where it can be re-filtered and re-pumped back to the 
bearing pads 20 for recirculating hydraulic oil there- 
through. Housing portions 12a and 12b include respec- 
tive inwardly opening recesses 102 and 104 for 
mounting fixed seal mounting members 106 and 108, 
respectively The seal mounting members 106 and 108 
attached in their corresponding recesses 102 and 104 
define ring sea! chambers 1 10 and 112 in which floating 
ring seals 114 and 116 are provided. The floating ring 
seals 1 1 4 and 116 prevent bearing oil that is not drained 
from cavities 98 and 100 from leaking into motor cavity 
118. In addition, the motor cavity can be provided with 
slightly pressurized air, such as in the range of 2 to 3 psi 
such as from a shop air source, to further limit leaking 
oi! from entering the motor cavity 1 1 8. In addition, an oil 
drain 120 is provided in the motor cavity 118 which 
returns oil back to the sump of the oil supply means 42 
so that if oil enters the cavity 118, the motor 16 will not 
be harmed and the oil will be removed therefrom. 

The spindle shaft 14 Is also provided with an axial 
bore 122 extending therethrough in which a conven- 
tional tool changer 124 is mounted. The too! changer 
includes gripping members 126 at the f onward end 
thereof for gripping and securing a conventional HSK 
tool adapter 128 to the spindle shaft 14. The too! 
adapter 128 mounts the cutting tool 22 thereon as 
shown exploded out from the front of the spindle unit in 
FIG. 1. The axial bore 122 includes an enlarged diame- 



ter socket portion 130 at the forward end thereof which 
includes tapered walls for receiving a correspondingly 
tapered shank portion 132 of the tool adapter 128. The 
gripping members 126 of the tool changer 124 can be fit 
5 in a bore portion 134 of the adapter shank 132 with the 
tool changer 124 being operated to pull the adapter 
shank into the socket 130. Rear springs 136 hold the 
tool adapter 128 seated in the socket 130 of the spindle 
shaft 14 for rotation therewith. 

10 Turning to FIG. 3, a modified version of the rear end 
of the spindle unit 10 for taking into account thermal 
expansion of the spindle shaft 1 4 is shown. The manner 
in which this is done Is by providing the rear bearing 
member 140 with a shiftable bearing mount, generally 

15 designated 142, which allows for relative motion 
between the various portions of the rear of the housing 
12 and the rear bearing member 140 during shaft 
expansion to keep the clearances between the confront- 
ing bearing surfaces within a certain predetermined dis- 

20 tance below which the load bearing capacity of the rear 
bearing pads may be adversely affected, which, in this 
Instance, may be clearances of approximately 0.0015 
inch. Accordingly, any expansion of the shaft 14 that 
would otherwise cause the clearances to fall below the 

25 minimum clearance distance will cause the rear bearing 
member 140 to shift via the shiftable bearing mount 142 
to track the expansion of the shaft keeping the clear- 
ances above the minimum set limit for maintaining the 
proper load bearing capacity in the hydrostatic bearing 

30 pads 20. 

More specifically, the shiftable bearing mount 142 
preferably includes an annular spring member 144 in 
the form of a Belleville spring having its inner diameter 
circumferential edge mounted against the radial flange 

35 portion 1 46a of bearing support member 1 46 having the 
rear bearing member 140 attached on Its Inner surface. 
The shiftable bearing mount 1 42 further includes a roller 
cage 148 for roller elements 150 which are in engage- 
ment with the outer surface of the bearing support 146. 

40 as can be seen in FIG. 3. Tlie housing frame 12 can 
include a rear housing portion 152 Including an Interior 
circumferentia! surface 152a which is coaxial with the 
shaft axis 38 and which is disposed on the outer side of 
the roller cage 148 relative to the bearing support 146 

45 and in engagement with the roller elements 150 thereof. 
The rear housing portion 152 Includes an annular cutout 
154 defined by vertical shoulder surface 154a which 
extends from the axially inner end of the interior surface 
152a and radially outward to circumferential surface 

so 154b which is coaxial with the shaft axis 38. 

The Belleville spring member 144 has its radially 
outer edge 144a disposed at the corner juncture of the 
annular cutout surfaces 154a and 154b and its radially 
inner end 144b disposed against the bearing support 

55 flange 1 46a. The radially inner end of the spring mem- 
ber 144 is spaced axially inwardly from the radially out- 
ward end so as to provide the annular spring member 
144 with a slightly inclined conical shape to bias the 
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bearing support 146 and thus the rear bearing member 
140 against the rear housing portion 152 when the shaft 
expands. The bearing support 146 extends longitudi- 
nally to a position axially inwardly o1 the cutout vertical 
shoulder 154a to provide sufficient clearance to receive 
the conical spring member 144 tightly between the 
flange 1 46a and the corner of the cutout 154. When the 
shaft 14 undergoes thermal expansion during high 
speed cutting operations, the clearances between the 
confronting inclined surfaces 36 on the spindle shaft 14 
and 140a of the rear bearing member 140 can change 
slightly; however, with the shiftable bearing mount 142 
herein, it is possible to maintain the clearances so that 
they do not drop below established tolerances for 
proper load bearing, such as on the order of approxi- 
mately 0.0015 inch. Once the shaft 14 has expanded so 
that the spring bias force, which preferably is approxi- 
mately 3,000 lbs. is overcome, the clearances will be 
reduced to the minimum tolerance and will be main- 
tained at this clearance by tracking the expansion of the 
shaft due to shifting of the bearing member 140 and the 
associated bearing support 146 on the roller elements 
150 with the bearing support flange 146a bearing 
against the radial inner portion of the spring member 
144 and pushing it axially outward towards the vertical 
surface 154a of the rear housing portion 152. In this 
manner, the thermal expansion of the shaft 14 does not 
adversely affect the load bearing capacity of the hydro- 
static bearings which is particularly important when the 
spindle is running at the high rotary speeds contem- 
plated for the spindle herein, i.e., up to 20.000 rpms. 

The alternative spindle and motor unit 200 of FIGS. 
4-10 will next be described. The primary difference 
between the spindle and motor unit 200 over the previ- 
ously described spindle and motor unit 10 is with 
respect to the configuration of the hydrostatic bearings 
as the spindle and motor unit 10 utilizes inclined sur- 
faces to form the bearing pads 20 for taking both axial 
and radial loads of the spindle shaft 14 whereas the 
spindle and motor unit 200 utilizes separate radial bear- 
ings 201 and thrust bearings 203. The radial bearings 
201 have pockets 202 and the thrust bearings 203 have 
grooves 204, respectively, to take the radial and axial 
loads of the spindle shaft 206. The pennanent magnet 
motor for the unit 200 is a water cooled 135 horsepower 
motor. With the 135 horsepower motor, 1O0 horsepower 
is available at the tool head with power losses attributa- 
ble to fluid friction in the bearings 18. The sealing sys- 
tem 28 of the spindle and motor unit 10 is substantially 
the same as the sealing system 208 of the spindle and 
motor unit 200. The main difference is that construction 
of the aerostatic floating ring seals 78 and 80 used a 
porous body, whereas the aerostatic floating rings 210 
and 212 include radial passageways 81 drilled through 
the body instead of porous bodies. O-rings are disposed 
on either side of the rings for sealing purposes. The high 
pressure air is admitted into a chamber surrounding the 
floating rings 78, 80, 210 and 212 with the pores or the 



drilled holes acting as restrictors to form an aerostatic 
film between the inner circumferential surface of the 
floating ring and the outer circumferential surface of the 
spindle to prevent oil leakage. The floating rings 78, 80, 
5 210 and 212 carry only their own weight and the aero- 
static film floats the ring and keeps it concentric even 
with attitude changes. The bodies of the ring seals 210 
and 212 can be of a carbon material so that even if there 
is some contact with the spindle shaft 206, there will be 
70 no damage to the shaft 206. In addition, the spindle and 
motor unit 200 is for use with a nutator type machine 
tool which changes attitudes such as between approxi- 
mately 35° upwardly relative to the horizontal and 35** 
downwardly with respect to the horizontal. Accordingly. 
75 the effectiveness of the sealing system 208 takes on 
particular importance with the nutator type spindle and 
motor unit 200 herein. In this regard, it has been found 
that the use of the aerostatic floating ring seals 210 and 
212 are especially well-suited to substantially prevent 
20 leakage of bearing fluid from the spindle 200 even when 
undergoing tilting because the aerostatic film will keep 
the floating rings concentric with the spindle shaft even 
though the nutator tilts the spindle substantially. e.g., 
through a 30^ tilt. 
25 As previously mentioned, the spindle and motor 
unit 200 Includes distinct radial and thrust bearings 201 
and 203 to take the radial and axial loads of the shaft 
206. Radial bearing pockets 202 and thrust bearing 
grooves 204 are provided at the fonward end 200a of the 
30 unit 200, whereas at the reanward end 200b only radial 
bearing pockets 202 are provided. In this regard, the 
spindle shaft 206 includes an annular thrust collar por- 
tion 2 1 4 adjacent the f onward end of the shaft 206 which 
extends radially outward from the substantially constant 
35 smaller diameter remainder of the shaft 206. Thrust 
bearings 203 are provided on both sides of the annular 
thrust collar portion 214, as best seen in FIGS. 5 and 7. 
The radial bearings 201 have pockets 202 which are 
spaced circumferentially around the spindle shaft 206 
40 axially fonward of the thrust collar portion 214 and the 
thrust bearing grooves 204 extend therearound. 

More particularly, the spindle and motor unit 
includes a housing frame 216 which includes a front 
flange portion 218 at the forward end 200a of the unit 
45 200 with the flange portion 218 including an axially 
extending ring section 220. A front cap member 222 is 
attached at the fonward end of the ring section 220, and 
the front sealing system 208 is mounted to interior sur- 
faces of the cap member 222 similar to cap member 48 
50 and sealing system 28 of the spindle unit 1 0. The flange 
portion 218 includes an inner circumferential bore sur- 
face 224 extending longitudinally reanvardly to vertical 
and radially inwardly extending wall surface 226 which, 
in turn, has stepped surface 228 extending longitudi- 
55 nally reanwardly therefrom parallel to the shaft axis with 
the stepped surface 228. The stepped surface has a 
diameter smaller than the diameter of the bore surface 
224 by a distance corresponding to the distance 
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through which the vertical wall surface 226 extends. The 
shaft thrust collar portion 214 is axially aligned with the 
housing portion stepped surface 228 and spaced radi- 
ally inwardly therefrom. 

A hydrostatic bearing member 230 having a small s 
diameter portion 232 and a larger diameter flange por- 
tion 234 is mounted to the housing portion 218 with the 
outer diameter surface of the flange portion 234 against 
the bore surface 224 at the rear thereof and the small 
diameter portion 232 against the stepped surface 228, io 
as best seen in FIGS. 5 and 7. The bearing member 230 
includes an axial throughbore 236 for receiving the spin- 
dle shaft 206 therethrough. The radial bearing pockets 
202 are formed in the surface of the throughbore 236 
while one of the thrust bearing circumferential grooves is 
204 is formed in a radially inner slightly raised annular 
wall section 232a of the bearing member small diameter 
portion 232. Accordingly the DN value (the product of 
the diameter of the bearings in millimeters and the max- 
imum rotational speed of the spindle the bearings can 20 
support) of the thrust bearings 204 Is higher based on 
its larger diameter of approximately 120 millimeters in 
the spindle unit 200 versus the approximate 85 millime- 
ter diameter of the radial bearings 202. The radial bear- 
ings 202 have a maximum DN of approximately 25 
1 ,700,000 and the thrust bearings 204 have a maximum 
DN of approximately 2.400,000 so that the majority of 
heat in the bearing fluid exiting the spindle unit 200 Is 
derived from the thrust bearings 204. 

Another feature of the radial bearings 201 of the 30 
present invention is the provision of low pressure pock- 
ets 238 (FIG. 1 0) between adjacent high pressure radial 
bearing pockets 202 to keep the pressure of the fluid in 
the bearing pockets 202 at a sufficiently high level for 
proper load bearing. This minimizes the negative effects 35 
of viscous pumping on the high pressure oil in the bear- 
ing pockets 202. As previously described, typically 
hydrostatic bearing pockets 202 are surrounded by sill 
areas, similar to the land or sill areas 240 of the surface 
of the throughbore 236 around the pockets 202. with 40 
exhaust grooves 244 between the pockets 202 and 
extending axially for providing an constrained exit flow 
path for bearing fluid from the pockets 202. 

To maintain sufficiently high fluid pressure in the 
bearing pockets 202 even during high speed operation 45 
of the spindle and motor unit 200 herein, the low pres- 
sure pockets 238 are supplied with hydraulic fluid or oil 
at low pressures to keep them full at all times during 
operation of the spindle unit 200, and instead of being 
formed as open-ended exhaust grooves. The pockets so 
238 include opposite end walls 240 at opposite ends of 
the pockets 238 with the end walls including small axi- 
ally extending notches 244 which extend centrally from 
the ends of the pockets 238 to the edges of the sill area 
240 for discharging oil from the pockets 238. The low ss 
pressure oil in the flow pockets 238 only serves to mini- 
mize the adverse effects of the viscous pumping action 
on the pressure in the radial bearing pockets 202. By 



providing the low pressure flow pockets 238 with end 
walls 242 and small notches 244 therein, oil will not 
freely flow from the flow pockets 238 out past the edges 
of the sill area 240. It has been found that the small 
notches 244 serve as pressure restrictors so as to add 
a certain amount of back pressure to the hydraulic sys- 
tem to keep the pressure in the bearing pockets 202 
sufficiently high for proper load bearing capacity at high 
speed rotations of the spindle shaft 206 despite any vis- 
cous pumping action of the bearing fluid In the pockets 
202. 

To feed high pressure oil, e.g., 1200 to 1500 psi, to 
the radial bearing pockets 202 of the radial bearing, the 
housing flange portion 218 (FIGS. 4 and 5) includes 
radial and axial fluid supply conduits 246 and 248 with 
the radial conduits 246 extending radially from the 
flange portion large diameter outer surface 218a to the 
axial inner end of the axial conduits 248 which extend 
longitudinally outwardly and open at vertical wall sur- 
face 226 of the housing portion 218, as best seen In 
FIG. 5. The vertical wall surface 226 abuts against the 
annular surface 250 of the bearing flange portion 234 
with the end of the axial conduits 248 aligned with open- 
ings to bearing member axial feed conduits 252 in the 
bearing flange portion 234. The bearing member axial 
conduits 252 extend from their openings on the inner 
annular surface 250 of the bearing member flange por- 
tion 234 to bearing member radial conduits 254 which 
extend radially inward and open at inlet ports 256 of the 
radial bearing pockets 202. 

In the preferred form, the bearing member has four 
radial bearings 201 wrth their respective bearing pock- 
ets 202 equally spaced circumferentially around the 
bore 236. The bearing pockets 202 are supplied with 
high pressure oil through associated radial and axial 
supply conduits 246 and 248 in the bearing portion 218 
and axial and radial feed conduits 252 and 254 In the 
bearing member 230 and into the centrally located inlet 
port 256 and out into the pockets 202. Accordingly each 
bearing pocket 202 has a separate hydraulic line sys- 
tem In the spindle unit 200 for being fed with high pres- 
sure bearing fluid for bearing the loads of the shaft 205. 

To feed low pressure oil to the low pressure pockets 
238, the bearing flange portion 218 includes a single 
radial supply conduit 258 (FIG. 7) which opens at the 
flange portion on the surface 218a and extends radially 
to the Interior bore surface 224. Inlet openings 260 are 
formed in a circumferential groove 262 around the exte- 
rior of bearing flange portion 234 with the exit opening 
of the radial supply conduit 258 aligned with one of inlet 
openings 260. as shown In FIGS. 6 and 7. Radial feed 
conduits 262 extend from associated openings 260 in 
the flange groove 262 through the bearing member 230 
to inlet ports 264 of the low pressure pockets 238. Thus, 
low pressure fluid is supplied by supply conduit 258 to 
groove 262. Fluid travels through the one aligned inlet 
opening 260 to its associated feed conduit 262 and to 
the remainder of the inlet openings 260 by flow in the 



11 



n860'23^'> I > 



21 



EP 0 860 232 A2 



22 



groove 262 so as to feed low pressure fluid into the 
remaining feed conduits 262 and out from the ports 264 
of the pocketf 238. As the low pressure fluid is utilized 
only to keep pockets 238 full for the reasons previ- 
ously described, the precise control over fluid feed to t 
each of the pockets 238 is not as critical as with the 
bearing pockets 202 where each pocket 202 Is supplied 
with high pressure fluid by separate conduit systems 
formed in the housing portion 218 for load bearing pur- 
poses as opposed to the single supply conduit 258 for 
the low pressure fluid to keep the pockets 238 filled. 

For feeding the thrust bearings 203 in bearing 
member raised portion 232a with high pressure oil, the 
housing portion 218 includes radial supply conduit 264 
(FIG. 7) opening at the surface 21 8a and extending radi- 
ally to the housing portion stepped surface 228. A 
shoulder surface 266 of the bearing member portion 
232 abuts against the housing stepped surface 228 and 
has an inlet opening for a radial feed conduit 268 formed 
in the bearing member portion 232 aligned with supply 
conduit 264 and extending radially inward to axial feed 
conduit 270. The feed conduit 270 extends axially 
inwardly and opens at raised annular surface 232a of 
the bearing member portion 232 for directing bearing 
fluid into the circunrferential thrust bearing groove 204 
on the axially outer side of the shaft thrust collar 21 4. 

The groove 204 on the axially inner side of thrust 
collar 214 is supplied with high pressure oil from radial 
supply conduit 272 spaced axially from pocket supply 
conduit 258 in the housing portion 218 and extending 
from surface 218a to axial supply conduit 274, as is 
shown in FIG. 7. A thrust bearing member 276 is 
mounted to the rear interior end of the housing portion 
218 and has a similar construction to bearing member 
230 with a small diameter portion 278 and a larger 
diameter flange portion 280. The axial supply conduit 
274 is aligned with axial feed conduit 282 which extends 
from annular surface 284 of the flange portion 280 lon- 
gitudinally inwardly away from the shaft thrust collar 214 
to radial feed conduit 286. The feed conduit 286 extends 
radially inwardly to another axial feed conduit 288 
spaced radially inwardly from axial conduit 282 which 
redirects the fluid back towards the shaft thrust collar 
214 and feeds bearing fluid to an inlet opening in the 
thrust bearing groove 204 formed in slightly raised 
annular section 278a of the bearing member portion 
278. Accordingly, high pressure bearing fluid is fed into 
circumferential grooves 204 on both sides of shaft collar 
portion 214 for taking axially directed thrust loads of the 
shaft 206. 

As previously mentioned, the shaft thrust collar por- 
tion 214 is spaced radially inwardly from the bearing 
stepped surface 228 to provide a drain area 290 from 
which oil is drawn out from the spindle unit 200 to be 
chilled, filtered and pumped under pressure into the 
bearings 201 and 203 for recirculation of the hydraulic 
fluid utilized in the spindle and motor unit 200 herein. 
The drain area 290 is bounded on either side thereof by 



the facing bearing member portions 232 and 278 and 
receives oil which exits axially inwardly from radial bear- 
ing pocket 202 and low pressure pockets 238 and radi- 
ally outwaitJIy from thrust bearing grooves 204 with the 
5 oil being sucked out of the area 290 through discharge 
openings 292. 

Similar to the spindle unit 10, to keep bearing fluid 
away from the permanent magnet motor, the motor cav- 
ity 294 (FIG. 7) is provided with slightly pressurized air, 
10 at about 5 psi. The thrust bearing member 276 has an 
axial throughbore 296 with surfaces radially spaced 
from the shaft 206 extending therethrough to provide a 
small clearance therebetween for forming a capillary 
seal to keep bearing fluid from traveling axially inwardly 
15 from cavity 298 which is radially inward of the thrust 
bearing member raised section 278a. In addition, an 
aerostatic floating ring seal 300 is disposed in an axially 
inward opening recess 302 of the thrust bearing mem- 
ber 276 to prevent fluid leaking through the capillary 
20 seal from gaining access to the motor cavity 294. 

Referring to FIG. 5, it can be seen that the rear end 
200b of the spindle and motor unit 200 has a substan- 
tially similar construction to the front end 200a less the 
structure relating to the thrust bearings 204. Accord- 
25 ingly. there is no corresponding thrust collar portion on 
the rear end portion of the shaft 206 similar to thrust col- 
lar portion 214 on the front end portion of the shaft 206, 
but othenwise the radial bearings including their conduit 
systems are similar, and the sealing systems substan- 
30 tially correspond to each other, and accordingly will not 
be described In detail herein. 

While there have been illustrated and described 
particular embodiments of the present invention, it will 
be appreciated that numerous changes and modifica- 
35 tions will occur to those skilled in the art, and it is 
Intended in the appended claims to cover all those 
changes and modifications which fall within the true 
spirit and scope of the present invention. 

40 Claims 

1. An integrated spindle and motor unit of a machine 
tool for rotating a cutting tool to cut workpieces. the 
spindle and motor unit comprising: 

45 

a housing frame; 

a spindle shaft mounted in the housing frame 
for rotation having a rearward end and a for- 
ward end with the cutting tool mounted at the 
so shaft fonward end for performing cutting opera- 

tions on workpieces; 

a first motor portion on the spindle shaft 
between the ends thereof; 
a second motor portion on the frame and coop- 
55 erating with the first motor portion for rotary 

driving of the spindle shaft; 
hydrostatic bearing members adjacent the 
shaft fonward and reanward ends having high 
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pressure bearing fluid supplied thereto to 
mount the spindle shaft in the frame for rota- 
tion; and 

non-contacting seals for retaining the bearing 
fluid about the rotating spindle and from leaking 5 
from the spindle unit. 

The spindle and motor unit of Claim 1 wherein the 
non-contacting seals comprise a combination of 
labyrinth and aerostatic floating ring seals. io 

The spindle and motor unit of Claim 1 wherein the 
seals include labyrinth seals at the fonward bear- 
ings and defining a tortuous path through which the 
bearing fluid must travel to leak therethrough, and is 

aerostatic floating ring seals adjacent the laby- 
rinth seals on the spindle shaft with the laby- 
rinth seals being between the floating ring 
seals and the bearings along the spindle shaft, 20 
the floating ring seals being provided with high 
pressure air for forming an aerostatic film 
between the shaft. 

The spindle and motor unit of Claim 3 wherein the 25 
seals Include air passages in the ring bodies 
mounted at the fonward and reanward ends of the 
spindle shaft in spaced relation thereto and which 
are provided with high pressure air for forming the 
aerostatic film in a space between the shaft and 30 
ring seals and for air flow through the air passages 
into the space between the ring seals and the shaft. 

The spindle and motor unit of Claim 1 wherein the 
hydrostatic bearing members include high pressure 35 
bearing pockets spaced circumferentially around 
the shaft fonward and rearward ends for supporting 
and taking the shaft loads during cutting operations, 
and 

40 

low pressure pockets between the high pres- 
sure bearing pockets provided with fluid at a 
lower pressure than the bearing pockets with 
the low pressure pockets kept full with low 
pressure fluid for maintaining a high fluid pres- 45 
sure in the bearing pockets during high speed 
rotation of the spindle shaft. 

The spindle and motor unit of Claim 1 including a 
shaftable bearing mount for the hydrostatic bearing so 
members at one of the forward and rearward shaft 
ends to allow for shifting of the bearing member 
during workpiece cutting operations with the shaft 
undergoing thermal expansion for maintaining 
clearances between the bearing member and shaft ss 
surfaces sufficient for proper load bearing for the 
shaft at high rotary speeds thereof. 



7. The spindle and motor unit of Claim 1 wherein the 
motor Is a permanent magnet motor with the sec- 
ond motor portion being a stator and the first motor 
portion being a rotor including permanent magnets 
secured to the rotor and an axial bore extending 
through the rotor for mounting on the spindle shaft. 

8. The spindle and motor unit of Claim 7 wherein a 
shrink fit connection Is provided between the spin- 
dle shaft and the rotor bore mounted on the shaft. 

9. Tlie spindle and motor unit of Claim 8 wherein a 
hydraulic conduit Is provided in the rotor to receive 
high pressure hydraulic fluid to expand the rotor 
bore for mounting the rotor on the shaft. 

10. The spindle and motor unit of Claim 1 wherein the 
spindle shaft Includes an Inclined surface at one 
end and the hydrostatic bearings are on the spindle 
shaft inclined surface to take both axial and radial 
loads. 

11. The spindle and motor unit of Claim 1 wherein the 
spindle shaft has an axial bore extending there- 
through with an enlarged tool holder receiving 
socket portion of the bore at the shaft fonward end. 

a tool holder which can be mounted in the 
enlarged socket portion at the shaft fonward 
end, and 

a tool gripper in the shaft bore with the gripper 
being operable to mount the holder In the 
socket and release the holder therefrom for 
changing cutting tools on the spindle. 

12. The spindle and motor unit of Claim 1 wherein a 
pressure fluid source provides fluid at pressures of 
at least 1000 psi to the hydrostatic bearings, and 

the motor has a cavity that is supplied with 
pressurized air to keep bearing fluid from leak- 
ing into the motor cavity. 

13. An integrated motorized spindle unit in a machine 
tool for high speed cutting operations, the spindle 
unit comprising: 

a spindle shaft rotatable about a central axis 
through the shaft for rotating a cutting tool 
mounted thereto for high speed cutting of work- 
pieces; 

a motor for driving the spindle shaft at high 

speeds; 

a housing for the spindle unit In which the spin- 
dle shaft and motor are mounted; 
hydrostatic bearings mounting the spindle shaft 
for rotation in the housing to take axial and 
radial loads; 
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bearing fluid supply means for feeding pressu- 
rized bearing fluid to the bearings to support 
the loads generated during rotary driving of the 
spindle shaft; 

a labyrinth seal adjacent the bearings defining 
a tortuous path of travel therethrough to limit 
bearing fluid leakage through the labyrinth seal 
path during high speed rotation of the spindle 
shaft; and 

aerostatic floating ring seals adjacent the laby- 
rinth seals for receiving pressurized air to form 
an air film In a space between the spirdle shaft 
and the floating ring seals for preventing bear- 
ing fluid, which may leak through the labyrinth 
seal when the spindle shaft is not rotating, from 
leaking from the spindle unit. 

14. The spindle unit of Claim 13 wherein the floating 
ring seals include ring bodies formed with restricted 
air passageways therein; and 

air supply means for feeding high pressure air 
to the ring seals which flows through the 
restricted air passageways of the ring bodies to 
form an aerostatic film in the space between 
the ring seals and the spindle shaft to linnit leak- 
age of bearing fluid past the ring bodies and to 
keep the rings concentric with the spindle 
shaft. 

1 5. The spindle unit of Claim 13 wherein the hydrostatic 
bearings comprise conical surfaces on the shaft 
and on the housing. 

16. The spindle unit of Claim 13 wherein the motor 
includes a stator affixed to the housing and a rotor 
on the spindle shaft with the rotor including perma- 
nent magnets secured thereto. 

17. The spindle unit of Claim 16 wherein the rotor has 
an expandable bore and a hydraulic conduit system 
for application of high pressure hydraulic fluid to the 
bore to mount the rotor on the spindle shaft with the 
rotor bore being expanded by application of high 
pressure hydraulic fluid into the conduit system for 
orienting the rotor in proper position on the spindle 
shaft relative to the fixed stator and removing the 
high pressure hydraulics to allow the rotor to grip 
tightly onto the spindle shaft for rotation therewith. 

18. The spindle unit of Claim 13 wherein the motor has 
a power output capacity rated at at least one-hun- 
dred horse power. 

19. The spindle unit of Claim 13 wherein four hydro- 
static bearing pockets are formed in surfaces 
around the spindle shaft. 
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20. The spindle unit of Claim 1 9 including four low pres- 
sure pockets formed in the surfaces around the 
spindle shaft with the low pressure pockets being 
between the bearing pockets and kept full with low 

5 pressure fluid during cutting operations so as to 

maintain high fluid pressure in the bearing pockets 
when the spindle shaft is rotated at high speeds. 

21. The spindle unit of Claim 13 wherein the spindle 
10 shaft has a proximate portion adjacent the cutting 

tool and a distal portion axially spaced a predeter- 
mined distance from the proximate portion, and the 
hydrostatic bearings are positioned around the 
shaft proximate portion and the shaft distal portion. 

15 

22. The spindle unit of Claim 21 including a shiftable 
bearing mount for the bearings at at least one of the 
shaft proximate and distal portions to allow for shift- 
ing of the bearing to track the thermal expansion of 

20 the spindle shaft during high speed cutting opera- 
tions. 

23. The spindle unit of Claim 21 wherein the motor 
includes a first motor part on the spindle shaft 

25 between the proximate and distal portions thereof 
and a second motor part on the housing cooperat- 
ing with the first motor part to rotate the spindle 
shaft at high speeds of up to 20.000 revolutions per 
minute with the predetermined distance between 

30 the spindle shaft portions being sufficiently small so 
as to avoid the onset of high speed resonant shaft 
vibrations during shaft driving between start-up and 
up to 20,000 revolutions per minute. 

35 24. The spindle unit of Claim 23 wherein the motor is a 
permanent magnet motor and the first motor part is 
a rotor and the second motor part is a stator includ- 
ing permanent magnets secured to the rotor. 

40 25. The spindle unit of Claim 23 wherein the motor has 
a power output capacity rated at at least one hun- 
dred horse power at the cutting tool and the hydro- 
static bearings on the shaft proximate portion and 
the shaft distal portion are spaced apart at a dis- 

45 tance less than 1 6 inches. 

26. A spindle unit of a machine tool for high speed cut- 
ting operations, the spindle unit comprising: 

so a spindle housing; 

a spindle shaft mounted in the housing for rota- 
tion for rotating a cutting tool to cut workpieces; 
hydrostatic bearing members mounting the 
spindle shaft for rotation In the housing; 

55 high pressure bearing pockets formed in the 

bearing members around the spindle shaft to 
receive high pressure bearing liquid to support 
the shaft during rotation thereof; and 



14 



27 



EP 0 860 232 A2 



28 



low pressure pockets formed in the bearing 
members around the spindle shaft between the 
bearing pockets to receive low pressure bear- 
ing liquid therein, the low pressure pockets 
being kept full with low pressure bearing liquid 
to maintain high fluid pressure in the bearing 
pockets during high speed rotation of the spin- 
dle shaft. 

27. A spindle unit in accordance with Claim 26 wherein 
the hydrostatic bearing members comprise radial 
bearings encircling the spindle shaft; and 

further comprising a thrust collar on the spindle 
shaft, and 

hydrostatic thrust bearings cooperating with 
the thrust collar to take thrust loads from the 
spindle shaft. 

28. The spindle unit of Claim 26 wherein the housing 
includes a motor cavity with an integrated motor in 
the housing cavity for driving the spindle shaft at 
high speeds, the motor Including a stator fixed to 
the housing and a rotor having an expandable bore 
and a hydraulic conduit system for expanding the 
rotor bore upon application of high pressure 
hydraulic fluid Into the rotor conduit system to orient 
the rotor on the shaft in a predetermined position 
relative to the stator and fixing the rotor in the pre- 
determined position on the shaft by removing the 
high pressure hydraulics from the conduit system to 
allow the rotor to tightly grip onto the spindle shaft. 

29. The spindle unit of Claim 28 including seals in non- 
contacting spaced relation with the spindle shaft 
provided on either side of the motor cavity with the 
seals including ring bodies having air passageways 
which are supplied with pressurized air to form an 
air barrier between the ring bodies and the spindle 
shaft to keep bearing fluid from leaking into the 
motor cavity. 

30. The spindle unit of Claim 26 wherein the high pres- 
sure bearing pockets take radial loads of the spin- 
dle shaft, and at least one of the bearing members 
further Include thrust bearing regions supplied with 
high pressure oil to take axial loads of the spindle 
shaft. 

31. The spindle unit of Claim 26 including seals in non- 
contacting spaced relation with the spindle shaft for 
keeping bearing fluid within the spindle unit and 
away from the cutting tool during cutting operations. 

32. The spindle unit of Claim 31 including labyrinth 
seals adjacent the bearings for forming a tortuous 
path through which the bearing fluid must travel to 
leak therethrough, and the non-contacting seals 



include aerostatic floating ring seals adjacent the 
labyrinth seals with the labyrinth seals being 
between the floating ring seals and the bearing 
along the spindle shaft, the floating ring seals being 
5 provided with pressurized air for forming an air bar- 

rier between the shaft and the ring seals to keep 
bearing fluid that has leaked through the labyrinth 
seals in the spindle housing. 

10 
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(54) High speed hydrostatic spindle 

(57) An integrated spindle and motor unit includes a 
housing containing tx)th the spindle shaft and motor 
with hydrostatic bearings around the front and rear of 
the spindle shaft. The hydrostatic bearings utilize high 
pressure oil. preferably in the range of 1,200-1,500 psi 
and provide good load bearing capacity and increased 
stiffness for improved cutting accuracy when cutting 
within the full range of cutting speeds. The present spin- 
die unit is designed to be run at high speeds. The front 
and rear hydrostatic bearing pads are closely axially 
spaced along the spindle shaft so that the dynamic stiff- 
ness of the spindle is increased to avoid resonant vibra- 
tions even at high speed operation thereof. The spindle 
unit incorporates a sealing system utilizing a series of 
non -contacting seals including a labyrinth seal and aer- 
ostatic floating ring seals which keeps bearing oil in the 
spindle. The aerostatic ring seats have air restrictor 
openings therein to create an aerostatic air film that also 
keeps the rings concentric with the spindle shaft even 
though the spindle shaft is tilted in a nutator. A perma- 
nent magnet (PM) motor is integrated with the spindle 
with the rotor of the motor on the spindle shaft carrying 
the permanent magnets rotating within the stator of the 
motor which is attached in the spindle housing. The PM 
motor herein can provide high levels of power, e,g., at 
least 100 hp at the tool head, even in the short span pro- 
vided by the short spindle shaft. At high speeds the 
bearing fluid may be pumped by viscous pumping from 
the radial bearing pockets. To counter such viscous 



pumping, small low pressure pockets are provided with 
low pressure oil to fill the high pressure pockets with oil. 
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The Search Division considers that the present European patent application does not comply with the 
i»quirement8 of unity of invention and relates to several inventione or groups of inventions, namely. 

1. Claim : 1 to 25 

Integrated spindle and motor unit, wherein non-contacting 
seals are provided for retaining the fluid in hydrostatic 
bearings and preventing leakage of said fluid from the 
spindle unit. 

2. Claim : 26 to 32 

Spindle unit wherein the hydrostatic bearings have alternate 
high and low pressure pockets 

The application contains three independent claims, 1, 13 and 26. 

While no search has been carried out for prior art relating to the 
subject matter of independent claim 26 (and its dependent claims 27 to 
32). for the purpose of determining the problem and solution of the 
respective independent claims the document DE-A- 38 34 140 will be used 
as a suitable prior art. 

This document discloses (in comparison with the subject matter of 
independent claim 1) an integrated spindle (1) and motor (25) unit of a 
machine tool for rotating a cutting tool (51) to cut workpieces. the 
spindle and motor unit comprising, 

a housing frame (6); , . ^ ^ ♦■k^ 

a spindle shaft (1) mounted in the housing frame for rotation, the 
spindle having a rearward and a forward end with the cutting tool (5ij 
being mounted at the shaft forward end; j * 

a first motor portion (41) on the spindle shaft between the ends thereof; 
a second motor portion (40) on the frame (6) and cooperating with the 
first motor portion (41) for rotary driving of the spindle shaft (1) and 
hydrostatic bearings members (26.27.28) adjacent the shaft forward and 
rearward ends having high pressure bearing fluid supplied thereto to 
mount the spindle shaft in the frame for rotation. 

The subject matter of claim 1 differs from the prior art in that, rather 
than the dynamic sealing rings (lO) of DE-A- 38 34 1^0, non-contacting 
seals are provided for retaining the bearing fluid about the rotating 
spindle and from leaking from the spindle unit. 

A similar analysis can be made with regard to independent claim 13, from 
which it can be seen that the subject matter of claim 13 differs from the 
prior art in that a labyrinth seal adjacent the bearings and aerostatic 
seals form the non-contacting seals as defined in claim 1. 

With regard to independent claim 26 it should first be noted that the 
spindle unit does not contain a motor. Nevertheless an analysis similar 
to that made above can also be carried out based on the document DE-A- iB 
34 140, although it would equally be possible to form such an analysis 
based on other documents such as DE-A- 41 15 564 which relates to a 
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spindle without a motor. 

This analysis shows that the subject matter of claim 25 differs from the 
prior art in that the hydrostatic bearing men*ers have formed in them 
high pressure bearing pockets, as per lines 8 to 11 of claim 26, and low 
pressure pockets, as per lines 12 to 18 of claim 26. 

The features by which claims 1 and 13 differ from the prior art can be 
seen to be corresponding features in that they define seals which are 
designed to prevent leak of fluid from the hydrostatic bearings while not 
being subject to wear which could to decrease their effectiveness. It can 
be seen therefore that the subject matters of these claims are so 
connected as to form a unity of invention. 

The features by which independent claim 26 differs from the prior art 
however can be seen to relate to a design of hydrostatic bearing and 
hence not to a seal. As such these features and those of claims 1 and 13 
cannot be considered to be the same or corresponding. 

Considering therefore the problems and solutions derivable from these 
features, it can be seen that the subject matter of claims 1 and 13 
relates to the problem of the prior art wherein hydraulic oil in the 
fluid bearings was able to leak and contaminate the water-based cutting 
fluid. At high speed normal contact-type seals were liable to wear and 
hence leakage could not be prevented (see page 9, lines 6 to 2G of the 
current application). This problem was overcome by enploying the seals as 
per claims 1 and 13 which form an effective seal and do not wear in use. 

The unit of claim 26 however is not concerned with this problem, the seal 
to be used (if any) not being specified. The provision of bearing pockets 
which can be supplied with fluid at different pressures is a solution to 
a problem of the prior art wherein the high speed running of the spindle 
adversely affects the load bearing capacity of the bearings due to 
viscous pumping of the bearing fluid in the bearing pockets . 

As such neither can the distinguishing features of, on the one hand, 
claims 1 and 13 and, on the other hand, claim 26 be considered to be 
either the same or corresponding, nor can the respective problems and/or 
solutions be considered to be the same. The application does not 
therefore satisfy the requirements of unity of invention as defined in 
Article 82 and Rule 30 EPC, since no technical relationship can be found 
between these two inventions and hence only the subject matter first 
mentioned in the claims, which is contained in claims 1 to 25, has been 
the subject of a search. The subject matter of claims 26 to 32 has not 
been the subject of a search. 
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